The sigF gene encodes an alternate sigma factor found in Mycobacterium tuberculosis and related pathogenic mycobacteria. Determination of conditions of sigF expression is an important step in understanding the conditional gene regulation which may govern such processes as virulence and dormancy in mycobacteria. We constructed an in-frame translational lacZ-kan fusion within the sigF gene to determine the conditions of sigF expression. This reporter construct was expressed from a multicopy plasmid in a strain of BCG harboring an integrated luciferase reporter gene under the control of the mycobacteriophage L5 gp71 promoter. Antibiotic exposure, in particular, ethambutol, rifampin, streptomycin, and cycloserine treatment, increased the level of SigF reporter specific expression in a dose-dependent fashion. The level of SigF reporter specific expression increased over 100-fold in late-stationary-phase growth compared to that in exponential growth. During the exponential phase, SigF specific expression could be induced by a number of other stresses. Anaerobic metabolism induced SigF by greater than 150-fold, particularly in the presence of metronidazole. Cold shock increased the level of SigF specific expression, while heat shock decreased it. Oxidative stress was also an important inducer of SigF specific expression; a greater induction was seen with cumene hydroperoxide than with hydrogen peroxide. Comparisons of bacterial viability as determined by the luciferase assay or by plating serial dilutions revealed that luciferase gp71-dependent activity was an unreliable predictor of the numbers of CFU during stationary-phase growth and anaerobic metabolism. The induction of sigF following antibiotic exposure suggests that this bacterial transcription factor may control genes which are important for mycobacterial persistence in the host during chemotherapy.
Mycobacterium tuberculosis is an ancient, highly successful human pathogen. Skeletal evidence of tuberculosis infection can be found as far back as 4000 B.C. in the tombs of Egyptian mummies (19) . Despite the development over 50 years ago of antibiotics that are active against this organism, tuberculosis latently infects approximately one-third of the world's population and remains the leading infectious cause of death worldwide (36) . The ability of M. tuberculosis to adapt to a wide range of host conditions, including survival within macrophages, and its capacity to enter a dormant state are critical to its success as a human pathogen.
Transcriptional regulators such as sigma factors are likely to play a large role in the bacterial adaptive responses needed for pathogenesis. Several alternate sigma factors have been correlated with virulence in other species. For example, AlgU controls the shift to mucoidy in Pseudomonas aeruginosa, a proven virulence mechanism in cystic fibrosis patients (13) . In mycobacteria, mutations in sigA, a highly conserved essential gene, lead to attenuated virulence (10, 16) , whereas the extracytoplasmic sigma factor SigE is involved in the stress response to heat shock, acidic pH, detergent stress, and oxidative stress (44) . An alternate sigma factor, SigF, is found in slowly growing mycobacteria and has been associated with the stationary phase (12) . The M. tuberculosis sigF gene is homologous to Bacillus subtilis sigF and sigB, which are sporulation and stress response sigma factor genes, respectively (11) . It also shows homology to Staphylococcus aureus sigB, a sigma factor gene that participates in methicillin resistance (45) , and to Listeria monocytogenes sigB, which plays a role in virulence (43) . RNase protection assays have shown that M. tuberculosis sigF transcription is stimulated by entry into the stationary phase and certain stresses such as cold shock (12) . However, RNase protection analysis of sigF transcription has been limited by the technical difficulties of reproducibly isolating high-quality mRNA from slowly growing mycobacteria. In the present study, we developed a double reporter assay in order to conduct a comprehensive analysis of the conditions under which SigF is expressed. Antibiotic stress, anaerobic conditions, stationary phase, oxidative stress, nutrient depletion, and cold shock were all shown to be important conditional expression stimuli.
MATERIALS AND METHODS
Plasmids and strains. The plasmids and bacterial strains used in this study are described in Table 1 . Recombinant plasmids were transformed into Escherichia coli by standard protocols (4) . Transformations into Mycobacterium bovis BCG and Mycobacterium smegmatis were performed as described previously (11, 23) with a Bio-Rad apparatus (Bio-Rad Laboratories, Hercules, Calif.) and by allowing recovery for 24 or 3 h, respectively, in Middlebrook 7H9 liquid medium (Difco Laboratories, Detroit, Mich.) supplemented with albumin-dextrose complex (ADC) and Tween 80 (23) , prior to plating on Middlebrook 7H10 solid selective medium (Difco Laboratories). Isolation and purification of plasmids were performed with the Qiagen system (Qiagen, Inc., Chatsworth, Calif.). The integrating luciferase plasmid pGS16 (24) was a generous gift from Gary J. Sarkis and Graham F. Hatfull.
Luciferase assays. Luciferase assays were performed on a Monolight 2010 luminometer (Analytical Luminescence Laboratory, San Diego, Calif.). Standardized curves of M. smegmatis and M. bovis BCG luciferase activity were constructed for both the logarithmic phase and the stationary phase with known quantities of bacteria, as determined by plating serial dilutions. Both fresh and frozen cultures were tested. The validity of the experimental results obtained by the luciferase assay was also periodically tested by obtaining colony counts. To perform measurements, each sample was vortexed for 60 s, and then 50 l of culture was placed in a cuvette. A total of 100 l of 1 mM D-luciferin (Analytical Luminescence Laboratory) in 0.1 M sodium citrate buffer (pH 5.0) was injected automatically, and readings were taken for 20 s. Each measurement was performed in triplicate, and the average value was recorded. Measurements were accepted only if the variance of all three readings was less than 15%. Readings from the luciferase assay were converted to colony counts by using a formula derived from the standardized curve.
Culture and stress conditions. BCG strains containing pCK3127 or pCK3215 were grown to the early logarithmic phase in Middlebrook 7H9 liquid medium supplemented with ADC, Tween 80, and kanamycin (10 g/ml) (23). In some instances, particularly under prolonged cultivation conditions, selective medium was used. The selective medium included cycloheximide (50 g/ml), ampicillin (50 g/ml), and polymyxin B (200 U/ml); these agents did not induce sigF expression in the exponential phase. The medium for BCG containing the reporter pGS16 also contained hygromycin (50 g/ml). M. bovis BCG cultures were incubated in a rotary shaker at 37°C. For growth curve experiments, aliquots were removed daily for testing without adding additional medium or supplements to the original culture. Each stress experiment was performed with a fresh early-logarithmic-phase culture. For cold shock and heat shock experiments, samples were placed at the designated temperature without manipulation of the medium. For antibiotic stress and oxidative stress experiments, the compound of interest was added directly to the medium, and the cultures were returned to the 37°C rotary shaker for the duration of the experiment. Hydrogen peroxide was tested at concentrations ranging from 0.1 to 5 mM, cumene hydroperoxide from 0.1 to 1 mM, isoniazid from 0.01 to 0.1 g/ml, rifampin from 0.05 to 0.4 g/ml, ethambutol from 0.5 to 4 g/ml, streptomycin was tested at from 0.5 to 4 g/ml, and cycloserine from 1 to 50 g/ml. To perform nutrient depletion experiments, early-logarithmic-phase cultures were sedimented, the supernatant was removed, and bacteria were resuspended in the test medium. Extensive washing procedures were not performed since cold shock was known to induce SigF. Colony counts were performed by plating serial dilutions of a fresh culture in duplicate onto solid 7H10 medium supplemented with ADC, cycloheximide (50 g/ml), ampicillin (50 g/ml), polymyxin B (200 U/ml), and kanamycin (10 g/ml). The plates were incubated at 37°C in 5% CO 2 . The average colony count for the two plates in each series with between 50 and 300 colonies at 4 weeks was recorded.
A defined complete minimal medium was made with 100 ml of base salt solution, 0.2 ml of trace element solution, and 1.0 ml of each carbon source without the addition of ADC or Tween 80. The base salt solution is 4 g of NaCl, 0. (41) . Sealed screw-top tubes had a headspace/culture ratio of 0.5 and were stirred continuously at approximately 120 rpm during incubation at 37°C. Multiple sample tubes were incubated simultaneously so that tubes were opened a single time for measurements. After each experiment, the samples were vortexed for 60 to 90 s in a 5-ml Falcon tube (Becton Dickinson, Franklin Lakes, N.J.) with 0.5 ml of 3-mm sterile glass beads to eliminate clumping, and then the samples were aliquoted, placed into separate 1-ml Eppendorf tubes, and immediately frozen at Ϫ80°C for later luciferase and ␤-galactosidase assays. Measurements of optical density and numbers of CFU by plating on solid 7H10 medium for colony counts were performed immediately with fresh samples.
␤-Galactosidase assays. ␤-Galactosidase assays were performed with whole bacteria as rate assays that monitor the accumulation of the fluorescent cleavage product of methylumbelliferyl-␤-D-galactopyranoside (MUG) on a Bowman Series 2 fluorescence spectrometer (SLM/Aminco, Urbana, Ill.) (18) . Samples were initially tested both prior to and after freezing at Ϫ80°C, without an observable difference. Measurements were made at an excitation wavelength of 360 nm, an emission wavelength of 440 nm, a band width of 4 nm, and a sensitivity of 450 V. The slope of the fluorescence-time curve over 3 min was recorded and was normalized to a standard curve performed with known amounts of ␤-galactosidase enzyme. For each sample, 440 l of buffer Z (28), 50 l of culture that had been vortexed for 60 s, and 10 l of 50 mM MUG in glycerol were added to a cuvette and were allowed to equilibrate for 60 s prior to measurement. Each measurement was performed in triplicate, and the average slope was recorded. Any curve without a smooth slope was rejected, and the sample was retested after additional sample vortexing. The lower limit of detection for this ␤-galactosidase assay was 0.01 U/ml of bacterial culture. Logarithmic-phase BCG harboring the integrated sigF reporter construct (pCK3215) produced 0.028 U of ␤-galactosidase activity per ml of culture, while an equivalent culture of BCG harboring the frameshifted negative control construct (pCK1107) produced an undetectable level of ␤-galactosidase activity (Ͻ0.01 U/ml of culture).
RESULTS
Construction and characterization of sigF reporter plasmids pCK3127 and pCK3215. sigF-lacZ translational gene fusions, propagated as both a mycobacterial multicopy plasmid and a mycobacterial integrative single-copy construct, were made through a series of cloning steps. To generate pCK2819-P, the ends of the 2.8-kb BamHI fragment from pYZ99 (12) were blunted and ligated to PstI linkers, and the modified fragment was cloned into pUC19-PX (an altered pUC19 in which the EcoRI-HindIII polylinker site is replaced by a single PstI site and the NdeI site at position 183 is changed to XbaI). pCK2819-EB was created by changing the EcoRI site within (22) to give the multicopy, nonintegrating construct pCK3127 ( Fig. 1 ) and into the SmaI site of pIJV1 (15) (a derivative of pMH5 [27] containing the mycobacterial L5 int-attP loci but lacking a kan resistance gene) to yield a mycobacterial integrative vector, pCK3215. A similar 7.6-kb XbaI-SapI fragment from pCK0221 was transferred to pNBV1 by the same strategy to yield pCK1107, a multicopy, nonintegrating construct analogous to pCK3127 but with the sigF and lacZ genes out of frame with respect to one another. Electrocompetent BCG cells were transformed with pCK1107 (multicopy, out-of-frame sigF-lacZ), pCK3215 (single copy, inframe sigF-lacZ), and pCK3127 (multicopy, in-frame sigF-lacZ) and plated on 7H10-ADC agar supplemented with hygromycin and 5-bromo-4-chloro-3-indolyl-␤-D-galactoside (X-Gal). As may be seen in Fig. 2 , 5-week-old colonies with the out-offrame plasmid pCK1107 failed to produce any ␤-galactosidase activity, as assessed by the accumulation of the nondiffusible, blue X-Gal hydrolysis product. In contrast, single-copy and multicopy in-frame sigF-lacZ fusion plasmids gave low-level and high-level blue signals, respectively, in a target pattern with SigF-LacZ expression restricted to the colony centers. This qualitative assessment suggested that mycobacterial sigF expression was conditionally regulated and that the stationary phase and/or starvation (conditions which prevail within the center of an expanding colony) were stimuli for its induction.
Luciferase assay studies. Comparisons of relative light units per milliliter of culture determined by the luciferase assay with the numbers of CFU determined by plating serial dilutions showed a linear relationship down to 10 3 CFU/ml for logarithmic-phase cultures. These results are similar to the results reported by Jacobs et al. (24) . However, in stationary-phase cultures the sensitivity of the luciferase assay was only 10 5 CFU/ml (Fig. 3) . In this construct, the lux gene is driven by P gp71 . The slopes of the lines for logarithmic-phase versus stationary-phase cultures were similar, and no difference was observed for M. bovis BCG strains containing the multicopy plasmid pCK3127. The sensitivity of the assay and the slope of the curve were the same for both fresh and frozen cultures and for M. bovis BCG versus M. smegmatis. Luciferase assays for cultures that had been incubated anaerobically were unreliable, giving numbers below the level of detection of the assay, despite reproducible colony counts of Ͼ10 5 CFU/ml. In view of the growth phase dependence of P gp71 ::lux expression, we used standard CFU assays in the growth curve and anaerobic experiments for the denominator in our determinations of sigF specific expression. Luciferase assays with cultures that had been exposed to rifampin had luciferase activity/CFU ratios that were significantly higher than those prior to drug treatment, suggesting that the bacteria maintained luciferase enzymatic function beyond the time of cell death.
Stress experiments. In order to investigate further the conditions under which SigF is expressed, a variety of stress conditions were evaluated. A summary of the results is presented in Table 2 . To investigate whether SigF is involved in adaptation to antibiotics, a variety of agents clinically important in the treatment of human tuberculosis were tested, including four primary antituberculous antibiotics. Concentrations of 0.5, 1, 2, and 5 times the MIC of each drug were tested (7, 9, 30) . A 4-h time point was selected in order to provide stress conditions but not significant killing of the organism. Rifampin, ethambutol, streptomycin, and D-cycloserine were shown to significantly increase the level of SigF specific expression, whereas little change was seen with isoniazid ( Fig. 4A) . A dose-response relationship was observed for those antibiotics that increased the level of SigF specific expression (data not shown). In most cases, the greatest induction was seen at the MIC for the organism rather than at the highest dose tested.
We used the model of Wayne and Hayes with defined culture-to-headspace ratios and our reporter strain of BCG to evaluate the effect of oxygen depletion on sigF expression (41). In the model of Wayne and Hayes, mycobacterial cultures are subjected to progressively lower oxygen tensions when sealed tubes with limited headspaces are used and stirring is regulated to produce a state of nonreplicating persistence. As may be seen in Fig. 4B , SigF specific expression increased over 10-fold at 6 days and over 150-fold at 10 days following oxygen depletion. When metronidazole, an anaerobic antibiotic that has no activity against mycobacteria in the normal aerobic environment, is added to the culture, SigF-specific expression is induced even further. Although the colony counts were somewhat decreased at 10 days, the ␤-galactosidase signal did not decrease proportionately, indicating that the level of sigF transcription is increased per cell.
We also tested heat shock and cold shock to determine whether SigF expression was changed. A variety of temperatures and time points were assayed. Cold shock at 27°C for 24 h increased the level of SigF specific expression, whereas heat shock at 42°C for 4 h decreased it. Increasing lengths of exposure augmented the effect seen. Hydrogen peroxide and cumene hydroperoxide stress conditions were tested with several different doses near the MIC for the organism. Cumene 
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hydroperoxide is an alkylperoxide produced by metabolism of unsaturated fatty acids and nucleic acids (3). Once again, a 4-h time point for measurements was chosen. SigF specific expression was induced 15-fold with hydrogen peroxide and 53-fold with cumene hydroperoxide.
Knowing that the level of SigF is dramatically increased during the late stationary phase, we also systematically tested nutrient depletion states. Early-logarithmic-phase cultures were transferred from 7H9 to experimental minimal media. Seventeen different culture media were tested, with each medium missing one ingredient. Tests were performed at both the 24-and 72-h time points. The results at 24 h were similar to the results at 72 h but were smaller in magnitude. SigF-specific expression was induced most strongly by sodium, nitrogen, and glycerol depletion and to a lesser extent by potassium and glucose depletion. Minimal change in SigF specific expression was seen with the absence of trace elements including iron, copper, boron, manganese, zinc, and molybdenum (data not shown). Metal chelating agents were not used in this experiment, so it is possible that the trace elements were not sufficiently depleted to observe a change. However, the impressive induction seen with other conditions makes this possibility less likely.
To investigate whether hypoosmolarity was responsible for the induction seen with nutrient depletion, we tested the osmolarity of 7H9, complete minimal medium, and the macronutrient depleted media. Rich medium (7H9) had an osmolarity of 182 mOsm, complete minimal medium had an osmolarity of 251 mOsm, and NaCl-depleted minimal medium had an osmolarity of 133 mOsm. All other nutrient-depleted media had osmolarities of greater than 200 mOsm. On the basis of these data it is unlikely that hypoosmolarity is responsible for the sigF induction seen with any of the nutrient depletion states except perhaps sodium chloride depletion.
Growth curves. To investigate whether SigF is produced in similar amounts throughout the growth cycle, a longitudinal study of SigF specific expression during all phases of growth was performed. As shown in Fig. 5 , SigF specific expression is minimal during the logarithmic phase but increases approximately 160-fold in the early stationary phase. These results are congruent with the results obtained by an RNase protection assay in which the sigF RNA level increased approximately 9.8-fold in the early stationary phase (12) . Qualitatively identical curves were produced for bacteria containing the multicopy sigF reporter plasmid pCK3127 and the single-copy integrated reporter plasmid pCK3215, except that the single-copy vector produced about 10-fold less ␤-galactosidase activity than the multicopy form did.
DISCUSSION
We have shown that the mycobacterial transcription factor SigF is induced under a variety of stress conditions, most notably antibiotic stress, the nonreplicating persistence state induced by low oxygen tensions, nutrient depletion, oxidative stress, and stationary-phase growth. While an earlier report that used RNase protection assays showed that the sigF gene is transcriptionally upregulated under certain conditions (12) , the present study significantly extends the previous work by showing that increased sigF transcription correlates with increased expression at the protein level, by monitoring sigF expression throughout the growth cycle, and by a comprehensive assessment of numerous stress conditions including antibiotic stress. The results presented in this paper give the SigF specific levels of expression of reporter activity per CFU; this interpretation of the data assumes that dead bacteria do not make or retain appreciable ␤-galactosidase activity. In some instances we also indexed the sigF::lacZ expression levels to that of a different promoter-reporter pair, namely, P gp71 ::lux; however, we found that the levels of P gp71 ::lux expression per cell differ dramatically between stationary-and exponentialphase growth (Fig. 3) . Comparisons of promoters such as this are limited by the difficulty in identifying a promoter which is truly constitutive throughout all phases of culture growth and under all stress conditions. The finding that sigF is induced by both stationary-phase growth and anaerobic metabolism as well as antibiotic exposure further reinforces a building body of evidence that tuberculosis latency and antibiotic resistance are closely related phenomena (34) . In pyogenic bacteria such as S. aureus and Salmonella enteriditis, bacterial phenotypic adaptation to stationary-phase growth states places the organism in a state of relative antibiotic resistance known as tolerance (20) . Antibiotic susceptibility testing of tolerant isolates reveals minimum bactericidal concentrations that are significantly higher than the MICs of the same drug when the drug is tested during logarithmic-phase growth. Tolerance has been shown to be clinically important in deep-seated infections such as S. aureus endocarditis, where studies have shown that patients infected with ␤-lactam-tolerant organisms have more complications than patients infected with fully sensitive strains of the same organism (35) . A similar phenomenon has long been appreciated for M. tuberculosis, in which complete in vitro antibiotic killing occurs in a few days, but treatment of an in vivo infection requires a minimum of 6 to 12 months of therapy (2) . Mitchison has explained this phenomenon using a "special populations" hypothesis for the action of antimycobacterial drugs, noting that organisms in a continuous growth phase are the easiest to kill, but populations of organisms that are in the specialized states of acid inhibition and intermittent growth require a specific drug that targets sterilization (29) . Two types of tolerance exist: genotypic and phenotypic. Bacterial strains with genotypic tolerance harbor mutations which reduce microbial lysis upon exposure to antibiotics. For example, Streptococcus pneumoniae R36A has a defect in the autolysin N-acetylmuramic acid-L-alanine amidase (40) , and overproduction of certain extracellular proteases increases tolerance in B. subtilis (26) . Phenotypic tolerance results when bacteria that are normally antibiotic sensitive encounter an environmental factor or enter a growth phase that decreases the level of antibiotic-mediated killing. Factors that have been described include low pH (21) , the presence of serum (39), a high calcium or magnesium concentration (17) , and stationaryphase growth (25) . In mycobacteria, Wayne and colleagues have described a type of phenotypic tolerance in which cultures in the nonreplicating persistent state are relatively resistant to isoniazid and rifampin but sensitive to metronidazole (41, 42) . In contrast, cultures in the usual aerobic logarithmic-phase growth conditions are resistant to metronidazole and sensitive to isoniazid and rifampin. The finding that SigF-specific expression is strongly induced by conditions in the model of Wayne and Hayes and is further increased by the addition of metronidazole suggests that SigF may control genes that affect nonreplicating persistence and modulate antibiotic resistance.
We have shown that sigF induction occurs with exposure to rifampin, streptomycin, ethambutol, cycloserine, and metronidazole but not with exposure to isoniazid. While it is possible that the upregulation of sigF is a stress response that is unrelated to the relative resistance of persistent M. tuberculosis to antibiotics, our observation that the stationary phase and antimicrobial exposure both lead to the induction of sigF suggests that SigF-dependent genes may confer a protective effect against certain antibiotics. Although our understanding of the mode of action of antituberculous drugs has improved in recent years (1, 8, 9, 30, 37) , it is difficult to develop a unifying mechanism whereby a single transcription factor might confer resistance to multiple drugs, although not isoniazid. SigF-mediated entry into a stationary growth state may result in physiologic alterations that render certain antibiotic targets nonessential, resulting in phenotypic drug tolerance. Alternatively, increased production of a sigma factor may upregulate specific genes that overcome target inhibition produced by low levels of the drug. This mechanism is supported by the demonstration that increased alrA transcription results in D-cycloserine resistance (8) . Induction of a factor that alters global membrane permeability is a third possibility, but it seems less likely since not all antibiotics cause an induction of sigF.
Finally, as part of these experiments, we have further characterized the conditions under which the luciferase reporter phage system (24) is useful as a surrogate marker of bacterial colony counts. In this system the luciferase gene is driven by the constitutively expressed gene 71 promoters of the temperate mycobacteriophage L5 (38) . The gene 71 product maintains lysogeny by functioning as a repressor in an analogous function to the cI gene of bacteriophage lambda (14) . The gene 71 promoters P1, P2, and P3 are strongly recognized by mycobacterial RNA polymerase, resulting in protein expression throughout the lysogenic and early lytic cycles. The promoters are presumably turned off during the late lytic phase due to a generalized inhibition of the host RNA polymerase once the gp71 protein is degraded (31) . We found that luciferase production in the gp71 system was markedly decreased when it was tested in the stationary phase as well as in the nonreplicating persistent state induced by low oxygen tensions. It is likely that the gp71 promoters are recognized by a vegetative growth sigma factor that is less abundant or less functional under these stationary-phase conditions. Care should be exercised when this promoter-reporter system is used under conditions other than logarithmic-phase growth.
Tuberculosis latency and drug susceptibility are closely linked phenomena that are a driving force behind the modernday tuberculosis epidemic. Recent global surveillance efforts in 35 countries by the World Health Organization and the International Union Against Tuberculosis and Lung Disease have shown a worldwide median prevalence of resistance to at least one drug of 12.6% (33) . Because this study did not include some areas known to have high rates of tuberculosis, unregulated access to drugs, and relatively poor tuberculosis control efforts, the true prevalence is likely to be even higher. In addition, the development of new antituberculosis drugs has been slow and costly (32) . An understanding of the mycobacterial adaptive mechanisms such as that mediated by sigF and other alternative sigma factors may offer novel approaches to the development new therapeutic agents with activity against this ancient and highly successful pathogen.
